Photoreflectance and photoluminescence measurements are carried out to clarify optical properties of (GaAs)/(AlAs) (n = 1-15) short-period superlattices, placing main interest in the crossover of direct-indirect transition and zone-folded weak transition. Photoreflectance spectra of (GaAs)/(A1As) with n < 10 exhibit a weak structure below the main (strong) structure. Photoluminescence peaks appear at the photon energies corresponding to the critical points of these weak and strong structures. Energy band calculations are performed by using the empirical tight-binding method. Calculations of momentum matrix elements between the top valence band and lowest three conduction bands at the I' point show an existence of weakly allowed direct transition below the strongly allowed direct transition edge in (GaAs)/(AlAs)with n < 5. These results strongly suggest that the observed weak structures in the photoreflectance arise from the weakly allowed direct transition, indicating that the conduction band reflects the nature of the zone-folding effect (Xi).
INTRODUCTION
Semiconductor heterostructures such as quantum well structures and short period superlattices (SL's) have revealed various interesting electrical and optical properties. These unique properties arise from the unique features of the electronic density of states, which are quite different from those in bulk materials. From the view points of device application the confinement of the electrons in quantum wells and isolation of the electrons from the donors1 are very important and high electron mobility is achieved in HEMT, which is known to be a very important low noise and high frequency amplifier.2 Multi-quantum well laser is also known to give very high efficiency. These devices utilize the confinement of the electrons in GaAs well regions separated by AlAs or AlGaAs barrier regions, and thus these electrons exhibit two-dimensional nature.
Recently many interesting papers have been published on the optical transition in short period SL's of ( GaAs)m/(AlAs)n.311 The motivation of these researches are due to the question whether the optical transition in these SL's with small in and n is direct or indirect. This question arises from the fact that the lowest conduction band in GaAs locates at the F point (direct band gap), while the lowest conduction band in AlAs lies in the X point (indirect band gap) and it is lower than the conduction band of GaAs at the X point. Therefore the conduction bands and the valence bands at the F point results in a type I SL, whereas the conduction bands at the X point and the valence bands at the F point form a type II SL. In a SL with a large n value, which should be called 'quantum well' because of the confinement of electrons in GaAs layers, the lowest optical transition is direct, where the transition occurs between the two-dimensional states of electrons and holes in GaAs layers. When we reduce the atomic layer number of AlAs (and thus for a small value of n), it is expected that the SL exhibit indirect transition because of the zone folding of the X point into the F point. Up to now two different concepts have been reported on the mechanisms of the optical transition in short period SL's. The first one is the type II band alignment due to the crossing of the lowest I' conduction band and the lowest X conduction band. In this concept optical transitions are understood to occur between the electrons in the X valley in AlAs layer and the hole states in the valence bands of GaAs. We have to note that this kind of transition is very weak when the carriers are confined in different layers (electrons in AlAs and holes in GaAs). This is because the strength of the optical transition is proportional to the squared overlap integral of electron and hole wave functions;
where Ch(Z) and Ce(z) are the wave functions of hole and electron, respectively. Noting that the electrons and holes are separated in space, the integral of eq. (1) is almost zero. In order to obtain a considerable magnitude of the overlap integral, the wave functions of electrons and holes should be extended from AlAs into GaAs layer and vice versa. This means that the concept is incorrect in the sense that the extended nature of the wave functions means a wave vector dependent electronic energy, resulting in a formation of minibands. In other words, the electronic energy is not flat in the Brillouin zone and we have to take into account the dispersion of E(k). This conflicting assignment wifi be removed if we take into account the second concept, the zone folding effect, which is-interpreted in the following way. The Brfflouin zone of the short period SL's is folded in the direction of k-vector perpendicular to the layer and thus it is expected that the lowest conduction band of (GaAs)i/(A1As)i SL becomes indirect or pseudo-direct with the lowest state having predominantly the character of the folded X-point state, which is called 'Xi' state. The ordering of the conduction bands with the character of GaAs F conduction band and the zone-folded AlAs X character, depends on the layer number n.
Modulation spectroscopy has been successfully used to investigate optical properties of semiconductor heterostructures.10'1316 Most of them use photoreflectance (PR) spectroscopy, but Lee et al.16 has shown that piezoreflectance method gives very fine structures. These methods provide modulation without any electrode contacts and well resolved structures of modulated reflectivity which give an accurate determination of transition energies or the critical point energies, when the analysis based on Aspnes' analytical formula17'18 is used. These reports except our papers10'19 concern with modulation spectroscopy in quantum well structures and concentrate their interest in the optical transitions of the confined states such as two-dimensional states or excitons of two-dimensional electrons and holes. On the other hand we reported that the modulation spectroscopy provides a very detailed information about the optical transition in SL's such as direct or indirect transition when we combine the measurements with photoluminescence (PL) experiments.
In this paper we will report PR spectroscopy of short period (GaAs)/(AlAs) SL's with n = 1-15 and discuss the controversy stated above. Photoreflectance measurements were carried out in order to determine the critical point energies due to direct transition and PL measurements were also made for a comparison. One of the most interesting findings is the weak structure observed in PR spectra in the low energy region well below the strong direct transition. Since the PR spectra arises from the direct optical transition, the weak structure of the PR is interpreted as the direct transition arising from the zone-folded direct band gap. In order to discuss the selection rule of the optical transition, we carried out energy band calculations of (GaAs)/(A1As) SL's based on the' tight binding method and also of the matrix elements between the valence bands and conduction bands. These calculations support the assignment that the observed weak structure in the PR measurements arises from the zone-folded direct transition.
EXPERIMENTAL PROCEDURES
The samples used in the present work were epitaxially grown at 570°C on (100) semi-insulating GaAs substrates by molecular beam epitaxy. The atomic layer number n ranged from 1 to 15 and was accurately controlled by monitoring the period of the intensity oscifiation of a specularly reflected beam in a reflection high energy electron diffraction (RHEED) pattern. The SLs consist of about 200 multiple layers with good quality. The thickness of the individual atomic layers of the SLs has been confirmed by x-ray diffraction measurements.
The experimental arrangement used in the present work is reported elsewhere10"2, which is basically similar to those used by Glembocki et al.13'14 The modulation is accomplished by mechanically chopping a laser of photon energy greater than the band gap of the sample. In the present work we used Ar ion laser chopped at a frequency of 210 Hz. The intensity of the Ar ion laser, 488.0 or 476.5nm, was reduced to about 0.2mW by using neutral density filters. The reflectance measurement was performed with a probe beam of white light (Xe arc lamp) dispersed by a 50cm single monochromator (JASCO CT-50S) with a 1200 lines/mm grating blazed at 750nm. The light beam reflected from the sample surface was passed through a filter which blocks the laser light and is detected by a photomultiplier tube. Photoluminescence measurements were made by using the Ar ion laser line 488.Onm of about 1W for excitation and by detecting the luminescence spectra with an 80cm focal length double monochromator (Spex 1401).
It is well known that the modulated reflectance can be expressed as
where LE = ZE1 + iZE2 is the perturbation-induced change in the dielectric constant E, and a and /3 are the Seraphin coefficients which are a function of real and imaginary parts of the dielectric constant, El and E2. A detailed discussion on calculating E and its effects on the line shape is given by Aspnes.17'18 According to the calculation of Aspnes the modulated reflectance is given by
where p is the number of critical points, E the photon energy, C3, 8,, Eg1, and F3 are the amplitude, phase, energy gap, broadening parameter, respectively, of the j-th critical point. The value of m3 is a parameter which depends on the critical point type, m3 = 3.5, 3.0 and 2.5 for the one-, two-and threedimensional critical point, respectively. Very recently similar analysis has been made by Glembocki and Shanabrook2° who showed that PR spectrum of quantum well structures is to be analyzed by the first derivative formula when the electrons and holes are confined in the well region. In the samples used in the present work, however, electrons and holes are extended in the SL and thus their wave functions are three-dimension&l-like. Therefore, the experimental data of PR are analyzed by using eq. (3) of Aspnes' formula with rn3 = 2.5 (three-dimensional critical point).
In SL's, the Brillouin zone is folded and mini-bands are formed, resulting in many critical points in a narrow region of photon energy. This means that the PR spectra consist of a combination of many critical points, and in other words we have to put a value greater than 2 for p in eq. (2). The best fitting procedure was carried out by adopting the method described elsewhere. 10'12 3. RESULTS AND DISCUSSION Figure 1 shows a typical result of photoreflectance (PR) and photoluminescence (PL) spectra in (GaAs)8/(AlAs)8 SL at T = 200K, where the solid circles in the lower trace represent experimental data and the solid curve is best fitted to the data using Aspnes' third derivative formula. The experimental data of PR are plotted with a suitable interval so that a comparison between the experimental and best fitted curves becomes clear. In Fig. 1 we find that the PL consists of two main peaks, while the PR spectrum exhibits a very complicated structure due to an existence of many critical points in the Aspnes' third derivative formula so as to best fit to the experimental reflectance curve and the vertical arrows indicate the transition energies estimated from the best fitting. Photon energy (eV)
1.9 I U L energy range 1.75 to 2.0 eV. The PL peaks in the photon energy region 1.8 to 2.0 eV seem to correspond to the PR structure in this region. We find very weak emission at lower energy side in PL spectra. In SL's with smaller n, the emission of the low energy side, where we have no structure in PR, becomes stronger and exceeds the emission of the higher energy side. We do not know the origin of the low energy side emission. In order to find the critical point energies we plotted the four components of the PR spectra separately in Fig. 2 , where we find that the complicated PR spectra are well resolved and we can estimate the critical point energies with a good accuracy. The vertical arrows in Figs. I and 2 indicate the critical point energies obtained from the best fitting. It is very important to point out that the PL peak at 1.815 eV coincides with the critical point energy 1.797 eV of the weak structure in the PR spectra. Taking into account the fact that the PR spectra arise from the critical points of the joint density of states and thus from the direct transition process, the SL of (GaAs)8/(AlAs)8 has a direct gap at E9 = 1.797eV at T = 200K , but this transition is very weak compared to the transition at 1.897, 1.915 and 1.951 eV. It is very interesting to remind that the spectra of PR have fine structures and the analysis of the best fitting provides accurate determination of the critical point energies. Similar features are observed in other SL's investigated in the present work.
These features have been observed in our previous work at room temperature, where a weak structure was observed only in (GaAs)5/(AlAs)5 at lower energy side.19 Two possibilities are proposed for the lower energy peak; (1) direct transition at the F point associated with the zone-folded conduction band and (2)indirect transition between the lowest conduction band located at X or at a point in the Brillouin zone other than the F point and the valence band at the F point. As stated before, the PR spectra arise not from a indirect transition but from a direct transition because the indirect transition is higher order perturbation compared to the direct transition. As we can see in Fig. I the weak structure in the PR spectra gives the critical point energy corresponding to the PL peak, the lower energy structure may be assigned to the weakly allowed direct transition between the zone folded conduction band and the valence band. In our previous paper,19 we assigned the lower energy peak of the PL peaks not to the direct transition but to the indirect transition. This is because the weak structure at lower energy region in the PR spectra has been observed only in the SL (GaAs)5/(AlAs)5. In the present work, however, we carried out similar experiments very carefully by changing the temperature and improving the sensitivity of the detection, and found the weak structures in almost all the samples we investigated.
Figure 3 represent PL and PR spectra for (GaAs)12/(A1As)12 at T = 200K, where we find that only one main emission is observed in the PL spectrum and the weak structure of PR in the lower energy region merges into the main structure. The resolved spectra of the PR signals are shown in Fig. 4 , where we find three transition energies in a narrow photon energy region from 1.7 to 1.85 eV, whereas the PL signals consist of a main peak and a weak shoulder at higher energy side.
The present results are summarized in Fig. 5 , where we plotted transition energies determined from the PR spectra by solid and open circles, and the PL peak energies by the crosses. In Fig. 5 the transition energy for the weak structure in the PR signals is shown by the solid circles. Although the weak structures at lower energy side are not observed in all the samples investigated, it is very interesting to point out that the lowest PL peak agrees well with the transition energy of the weak structure in the PR at the low energy side. Another interesting feature is that the higher energy peak of the PL agrees well with the transition energy of the strongest structure of the PR. Calculated results are also shown in Fig. 5 which will be discussed later.
ENERGY BAND CALCULATIONS OF SUPERLATTICES
Up to now there have been published many papers on the energy band calculations of short period SL's by using various methods.2129 Most of them show that the lowest conduction band of (GaAs)/(AlAs) with small n forms indirect band. Our calculations based on the empirical tight-binding method reveals that the SL's are indirect for n < 10.10 In the previous paper19 we compared our experimental data with the calculations and found that the atomic layer number dependence of the energy gaps determined by PR and PL measurements are well explained by the crossover of the direct and indirect transitions around n = 10, although the absolute values of the energy gaps exhibit some discrepancy. The discrepancy was explained in terms of the layer number fluctuation by performing energy band calculations of long period SL's such as This explanation is supported by the fact that the broadening parameters of the PR spectra are almost independent of temperature, which means that the broadening is determined not by the electron-phonon interactions but by the fluctuation of the layer number.
We have to note here that the absolute values of the calculated critical point energies of the SL's depend strongly on the parameters assumed for the calculations, such as band parameters of GaAs and AlAs, and also the conduction band or valence band discontinuity. The accuracy of the energy band calculation is in a range of 0.1 to 1 eV, and thus a detailed comparison between the experimental and calculated results is impossible. In our previous paper we concluded that the lowest energy peak of the PL spectra arises from the indirect transition for (GaAs)/(AlAs) with n less than 10, although we observed a weak structure in PR spectra in (GaAs)5/(AlAs)5 which corresponds to the lowest energy peak of the PL. If this weak structure is ascribed to the zone-folded direct transition, the conclusion drawn in the previous paper is subject to a change. As stated in Section 1, the main subject of the present work is to clarify whether the low energy peak of PL and the weak structure of the PR arise from the zone-folded direct transition or from the indirect transition. When the weak structure is observed in every SL, it may be ascribed to the zone-folded direct transition because only the direct transition gives rise to the PR signals. In the present work we observed the weak structure in almost all superlatticies with 4 < n 13.
In order to discuss the magnitude of the optical transition probability in SL's we carried out energy band calculations using the tight binding method which is described elsewhere in detail.10'25 and momentum matrix elements. 19'30'31 Our method is based on the empirical tight binding theory which takes into account the second nearest neighbor interactions in addition to the nearest neighbor interactions of sp3? orbitals as done by Yamaguchi.25 In the present paper we use the same computer program prepared by our group and the same parameters.10'3° We use a zinc-blende-structure tight-binding Hamiltonian for the basis of quasiatomic functions localized in the unit cell at R2, fn, b,R2 >. The Bloch-type tight-binding states are given by
where quantum numbers n run over the s, Ps , Py , Pz , and s ( In Fig. 6 we present Brfflouin zone of the SL with the notationof the critical points, where the growth direction of the SL is (001) (the z-direction). A typical example of the energy band structure of a SL is shown in Fig. 7 for (GaAs)1/(AlAs)i, where we used the parametersreported elsewhere10'19'30 and the valence band discontinity is 0.54eV. We can see very clearly the zone-folding in the z-direction. In addition indirect gap appears with the lowest conduction band at the R point but the energy of the minimum is very close to the lowest conduction band edge at the F point. The effective mass of the lowest conduction band is heavier than that of the second lowest conduction band. This seems to be due to the fact that the lowest conduction band reflects the property of the conduction band of AlAs. The results for (GaAs)5/ (AlAs)5 are shown in Fig. 8 , where we find that the energy bands consist of many zone-folded bands and that the conduction band edges at various points lie in a narrow range of energy. This results and the accuracy of the energy band calculation indicate that the assignment of the critical pointsis a very difficult task.
In order to discuss the magnitude of the transition probability we carried out calculations of the matrix element given by eq. (8) and the results are shown in Fig. 9 , where squared matrix elements between the top valence band and lowest three conduction bands at the F point are plotted as a function of the atomic layer number n. The solid, dashed and dot-dashed curves are, respectively, represent the squared matrix elements for the lowest, second lowest, and third lowest conduction bands. As seen in Fig. 9 , the transition to the lowest conduction band is allowed for ii 4, whereas the transition to the second lowest conduction band is allowed for n < 4. In addition, the matrix elements oscillate in the region of small number of n. These results clearly indicate an importance of the zone-folding effect, because the zone-folding effect depends on the layer number, even or odd. As the layer number is decreased, the lowest transition 1-1 becomes very weak while the second lower transition 1-2 becomes strong. This feature is very similar to the experimental observation, in which we found that the weak structure in the PR signals appear only in the region of small n.
These calculated results are shown in Fig. 5 along with the experimental result, where the energy of the direct allowed transition is plotted by the solid curve, the energy of the weak transition by the dashed curve, and the lowest indirect gap by the dot-dashed curve. Although the agreement between the present calculations and experiments is not good, the general feature is consistent. The crossover between the strong direct transition and weak direct transition is expected to appear at about n = 5, while the present experiment reveals that the crossover occurs at about ri = 10. The tight-binding calculations are made by using only five atomic states S,PX,PY,PZ, and s for each atom, and thus the accuracy of the higher energy states, especially X state, is poor. Therefore, the agreement with the experiments is understood to be rather good.
In conclusion we observed weak structures well below the strong structure in the PR spectra of (GaAs)/ (AlAs) with n < 10 and emission peak PL appears in the region of the weak structures. This suggests that the weak structures of the PR spectra are interpreted in terms of weakly allowed direct transition and that the transition is induced by the zone-folding effect. This interpretation is supported by the energy band calculations based on the empirical tight-binding method. The higher energy transition observed in the PR spectra agrees well with the PL peak. The present calculation indicates an existence of indirect gap in the region of small atomic layer number (n < 8). Although PL spectra show peaks at low energy side below the weak structures in the PR spectra, the low energy peaks are not in good agreement with the present calculation. The origin of the low energy peaks in PL is not clear at the present stage. We investigated the temperature dependence of the peak intensities of the PL at the photon energies corresponding to the weak structure and the strong structure in the PR, and the result gives the ratio of the matrix elements which is in a qualitative agreement with the theoretical calculations given in this paper.
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